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Figure 1. Model for the Sequential Phos-
phorylation and Inactivation of Rb Family Pro-
teins from G0 to S
In response to growth factors and nutrients,
Cyclin C/Cdk3 complexes become activated
in G0-arrested cells and phosphorylate Rb,
and potentially the two other Rb family mem-
bers p107 and p130, on specific residues.
Inactivation of Rb family proteins is com-
pleted in early and late G1 by phosphorylation
on overlapping and additional residues by
Cyclin D/Cdk4 and Cyclin E/Cdk2 complexes.
role of Rb in the control of G0/G1, which raises the Julien Sage
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be part of Rb’s tumor suppressor action in vivo. Stanford University School of Medicine
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other genes are silent? What controls the association, Selected Reading
the stability, and the activity of Cyclin C/Cdk3 com-
plexes? p130 is the major member of the Rb family Akoulitchev, S., Chuikov, S., and Reinberg, D. (2000). Nature 407,
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substrate for Cdk3 kinase activity in cell cycle reentry? Hanahan, D., and Weinberg, R.A. (2000). Cell 100, 57–70.
The E2F6 transcription factor has been shown to partici- Leopold, P., and O’Farrell, P.H. (1991). Cell 66, 1207–1216.
pate in the repression of genes in G0 (Ogawa et al.,
Lew, D.J., Dulic, V., and Reed, S.I. (1991). Cell 66, 1197–1206.2002). However, E2F6 is different from other E2F pro-
Meyerson, M., Enders, G.H., Wu, C.L., Su, L.K., Gorka, C., Nelson,teins because it is not thought to be regulated by Rb
C., Harlow, E., and Tsai, L.H. (1992). EMBO J. 11, 2909–2917.family members. The Rb-independent ways for a cell
Ogawa, H., Ishiguro, K., Gaubatz, S., Livingston, D.M., and Nakatani,to maintain G0 arrest remain to be further elucidated.
Y. (2002). Science 296, 1132–1136.Finally, the authors show that Cyclin C/Cdk3 promotes
Ren, S., and Rollins, B.J. (2004). Cell 117, 239–251.exit from a transient cell cycle arrest in quiescent cells.
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and senescence, where cell cycle arrest is more stable Takahashi, Y., Rayman, J.B., and Dynlacht, B.D. (2000). Genes Dev.
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Adding to the complexity, some of the functions ofMitosis: FEAR Pulls Them Apart
astral microtubules seem to rely on radically different
principles. For example, during spindle elongation astral
microtubules apply forces on both spindle poles to pull
them apart (Grill et al., 2001). In contrast, spindle orienta-The function of astral microtubules during mitosis is
tion during metaphase seems to require that forces bebecoming the focus of increasing interest. A report
applied asymmetrically, on only one spindle pole (Kuschpublished in this issue of Developmental Cell provides
et al., 2003). This is particularly obvious in budding yeast,new insight into the complex and subtle regulation of
where recent studies showed that spindle alignmentthese microtubules during anaphase.
along the mother-bud axis depends on the asymmetric
interaction of spindle poles with the cell cortex (Liako-Astral microtubules fulfill at least four different functions
poulos et al., 2003). In this case, microtubules emanatingduring mitosis. During prophase, they participate in
from only one spindle pole orient toward and attach atstripping of the nuclear envelope from the chromo-
the bud cortex. This asymmetric interaction of microtu-somes. Next, during prophase and metaphase, astral
bules with the cortex depends on asymmetric loadingmicrotubules help with orienting the spindle within the
of microtubule-associated proteins, such as the APC-cell. During anaphase, they participate in spindle elon-
related protein Kar9, onto one spindle pole body andgation by pulling spindle poles apart, toward the cortex.
the astral microtubules emanating from that pole andFinally, they provide spatial information to position the
that pole only.cleavage apparatus relative to the spindle. Thus, astral
Consistent with the differences in astral microtubulemicrotubules fulfill an impressive variety of functions
function between metaphase and anaphase, the distri-throughout mitosis. However, we still know relatively
little about how they are regulated. bution of proteins such as Kar9 changes dramatically
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Figure 1. Model for the Regulation of Pulling
Forces on the Spindle Poles during Anaphase
in Budding Yeast
(A) In metaphase, weak forces are applied on
one pole only to pull it toward the bud. This
ensures the approximate alignment of the
spindle with the polarity axis of the cell.
(B) Upon APC/c-dependent onset of ana-
phase, strong forces start to pull on the same
spindle pole to ensure the insertion of the
spindle into the bud neck. This pulling event
ensures definitive alignment of the spindle
with the division axis of the cell and is similar
to the anaphase rescue of spindle orientation
observed in Drosophila and cells in culture.
(C) Activation of the FEAR pathway, probably
at the transition anaphase A/anaphase B,
leads to the symmetrization of the pulling
forces on spindle poles. These forces can
now contribute to spindle elongation and sis-
ter-chromatid segregation.
during anaphase, as the astral microtubules start to con- spindle remains in the mother. In contrast, in cells lack-
ing FEAR activity, the spindle moves unidirectionallytribute to spindle elongation. At this stage, Kar9 redis-
tributes to both spindle poles (Maekawa et al., 2003) toward the bud upon anaphase entry. Thus, this study
suggests that the FEAR pathway acts to ensure that thewhere it could then contribute to symmetric pulling on
the spindle poles. Synthetic lethal analyses strongly forces exerted on the spindle poles during anaphase
become symmetric.support the hypothesis that astral microtubules contrib-
ute to spindle elongation in yeast. These studies estab- But how do the APC/c and the FEAR pathway regulate
microtubule function? The authors were not in positionlished, for example, that cytoplasmic dynein and dynac-
tin compensate for mutations affecting the kinetochores to clarify which motor(s) is being targeted, directly or
indirectly, by these regulatory events. However, the ob-and the central spindle (Tong et al., 2004). In yeast,
dynein localizes exclusively to astral microtubules and servations that dynein and dynactin are activated at
anaphase, required for spindle orientation in early ana-is activated specifically during anaphase. Thus, yeast
dynein most likely contributes to spindle function by phase, and required for spindle elongation in anaphase
B suggest that they might be relevant targets (Yeh etpulling the spindle poles away from each other during
spindle elongation. al., 2000). Indeed, asymmetric activation of dynein by
APC/c would fit very well with the apparent role of dyneinThe observation that both asymmetric and symmetric,
microtubule-dependent pulling forces contribute to in spindle alignment. Subsequent activation of dynein
on both sides of the spindle would then perfectly ac-proper spindle function suggests that astral microtu-
bules are tightly regulated at both the temporal and count for its role in spindle elongation. Many studies
are still needed to understand how mitotic regulatoryspatial levels. However, we know little about how this
works. Results from the Cohen-Fix lab presented in this networks control microtubule function. However, the
present study already suggests that a precise analysisissue (Ross and Cohen-Fix, 2004) raise interesting pos-
sibilities for how this fine temporal regulation of microtu- of dynein distribution and activity within mitotic cells
might prove illuminating. More surprises are clearly inbule function is achieved.
The authors established an elegant assay to monitor store about how Cdks and Cdc14 regulate the spatial
distribution and activities of microtubule-dependentpulling forces during anaphase. Taking advantage of the
fact that cells expressing noncleavable cohesin cannot motors and microtubule-associated proteins.
elongate their spindle during anaphase (Uhlmann et al.,
1999), they monitored which cell end the short spindle
Yves Barralis pulled toward. This study led to two main conclusions
Institute of Biochemistry(Figure 1). First, it showed that anaphase entry leads to
Swiss Federal Institute of Technologythe activation of a strong pulling force directed toward
ETH-Ho¨nggerbergthe bud. Generation of this force requires activation of the
8093 Zu¨richanaphase promoting complex/cyclosome (APC/c). Sub-
Switzerlandsequently, a second force directed toward the mother
becomes activated. This second event is under the con-
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release). This signaling cascade is also involved in cen- Grill, S.W., Gonczy, P., Stelzer, E.H., and Hyman, A.A. (2001). Nature
tral spindle function and mitotic exit, and is activated 409, 630–633.
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and promiscuous mammalian endoproteases known.Cathepsins as
This is not to say that promiscuous endoproteases haveTranscriptional Activators? no specific function, because cathepsin L null mice
show a distinct defect in CD4 T cell selection (Roth et
al., 2000). Nonetheless, at first blush the nucleus would
seem an unlikely haven for this enzyme.
One action of proteases is limited cleavage of latent Unencumbered by this bias, Nepveu and colleagues
transcription factors, releasing active factors to initi- have been tracking the molecular events necessary for
ate nuclear signaling. Goulet et al., in a recent Molecu- CDP/Cux DNA binding and transcriptional activity. Prior
lar Cell paper, provide evidence that a lysosomal pro- observations had indicated that full activation of CDP/
tease, cathepsin L, exists in a previously unsuspected Cux required proteolytic processing and that the timing
isoform capable of trafficking to the nucleus and acti- of proteolytic processing corresponded to the G1/S
vating the CDP/Cux transcription factor. The findings transition, consistent with the cell cycle period of maxi-
should stimulate new research on the nature of nuclear mal CDP/Cux DNA binding (Moon et al., 2001). In the
proteases involved in signaling. current study, this group set out to define the enzyme
that processes CDP/Cux. After preliminary studies re-
Proteolytic enzymes initiate many biological processes. vealed that the canonical papain-family enzyme inhibitor
The irreversible and at times dramatic changes in protein E64 blocked cellular processing of CDP/Cux in fibro-
structure occurring with proteolytic cleavage allow cells blasts and pointed to cathepsin L as an efficient CDP/
to be primed by accumulation of latent mediators and Cux processing protease in vitro, Goulet et al. created
effectors awaiting site- and stimulus-specific activation. a clever intracatalytic domain HA tag within cathepsin
The recent discoveries of membrane-bound transcrip- L to track the protein in situ (Goulet et al., 2004). They
tion factors released by site-directed intramembranous accumulated strong evidence that tagged-cathepsin L
proteolysis and proteolytic processing of intracytoplas- appeared in the nucleus during the G1/S transition and
mic latent transcription factors reveal the utility of prote- then undertook two key lines of experiments to test its
ases as initiators of nuclear signaling as well (Hoppe role in CDP/Cux processing. First, they demonstrated
et al., 2001). But a rather counterintuitive pathway for translational initiation of cathepsin L at a downstream
protease involvement in transcriptional activation is de- methionine and showed that mutation of these down-
scribed in the April 23 issue of Molecular Cell: intra- stream AUGs abrogated both nuclear accumulation and
nuclear processing of the CDP/Cux transcription factor CDP/Cux processing. This provided a mechanism
by cathepsin L, a prototypical lysosomal protease whereby a shortened isoform of cathepsin L missing a
(Goulet et al., 2004). signal peptide could begin a sojourn in the nucleus.
Cathepsin L is one of 11 cathepsins in the human Second, they showed that cathepsin L/ fibroblasts
genome that have strong sequence homology with, and were markedly (but not completely) defective in their
essentially the same catalytic mechanism as, the non- processing of CDP/Cux. This defect could be rescued by
specific plant protease, papain (Turk et al., 2001b). All cathepsin L mRNA containing downstream methionine
of the cathepsins share the features of endosomal tar- initiation sites but not by mutant mRNAs missing these
geting motifs, acidic pH optima, and autocatalytic acti- sites, indicating that the short cathepsin L isoform is
vation. Importantly, in spite of their intrinsic, promiscu- critical to CDP/Cux processing.
ous proteolytic potential, some cathepsins have marked There are some significant limitations to these results.
restrictions on their proteolytic activity. Cathepsins Z The studies are almost entirely in cells transfected with
and C are strict exopeptidases involved in protein pro- both CDP/Cux and cathepsin L. The putative short ca-
cessing; e.g., cathepsin C is required for N-terminal trim- thepsin L isoform has not been isolated under endoge-
ming and activation of neutrophil and NK cell granular nous conditions in a Cux-processing nucleus and in fact
serine proteases (Pham and Ley, 1999). These restric- endogenous Cux processing within the nucleus has also
tions are built by the evolutionary addition of short motifs not been demonstrated. Further, while the cathepsin L
and even whole protein domains to the archetypal en- null mouse (Roth et al., 2000) and the CDP null mouse
zyme sequence, and in the case of cathepsin C sponta- (Ellis et al., 2001) exhibit similar defects in hair follicle
neous oligomerization of the enzyme, all of which act formation, the CDP null is much more severe than the
to restrict substrate access to the papain-like catalytic cathepsin L null overall, consistent with the authors’
pocket (Turk et al., 2001a). Cathepsin L has none of this conclusion that cathepsin L alone cannot explain CDP/
Cux processing (Goulet et al., 2004).and in pure form at acidic pH is one of the most potent
